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ABSTRACT 
ASTM(1) G198, Standard test method for determining the relative corrosion performance of driven 
fasteners in contact with treated wood, was accepted by consensus and published in 2011.  The 
method has two different exposure conditions for determining fastener corrosion performance in treated 
wood.  The first method places the wood and embedded fasteners in a chamber at 95% relative 
humidity (RH), 32 °C for 120 days.  The second method involves a cyclic fog, with 48 hours of fog 
followed by 72 h of dry for 120 days.  The corrosion rate of embedded metals is an extremely sensitive 
function of the wood moisture content.  While the wood moisture content is well defined, and fixed, in 
the constant RH test, the moisture content fluctuates and there are moisture gradients in the cyclic fog 
test.  As a result, the fasteners in the cyclic fog test experience non-uniform and constantly changing 
conditions, which may be more or less challenging than the steady state test.  This paper presents the 
results from a combined hygrothermal/corrosion model to explore how the moisture content and 
temperature at the fastener interface differs between these two methods and shows how these 
differences in moisture content affect corrosion. 
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INTRODUCTION 

 
Waterborne wood preservatives are added to wood used in outdoor residential construction to protect 
the wood from termites and decay fungi.  Almost all commercially available waterborne preservatives 
contain copper and/or cupric ions in addition to other biocides.  In January 2004, there was a change in 
how wood preservatives were regulated and many new wood preservatives were introduced to the 
market.1  Shortly afterwards, corrosion of fasteners in wood treated with new preservatives became a 

                                                 
(1) ASTM International (ASTM), 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959. 
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concern as corrosion failures were observed in as little as a few months; previously fasteners lasted 
longer than the wood. 

While it was widely understood that corrosion of embedded fasteners was an important consideration 
for wood preservatives, rapidly quantifying differences in corrosiveness between wood preservatives 
presented many challenges, not the least of which was that the mechanism of corrosion in treated 
wood was poorly understood at that time.  Many different methods, involving high temperature, high 
humidity and/or salt-spray were used to rapidly quantify the corrosion of metals in treated wood, 
although there was little consistency between the different methods.2  Because it was possible to 
manipulate the test to achieve the desired results, there was a need to develop a standardized test 
method for corrosion of fasteners embedded in wood. 

When the regulations were changed in 2004, there was already one standard, American Wood 
Protection Association(2) (AWPA) E12, for measuring the corrosion of metals in wood.3  The AWPA E12 
standard specified that sheets of metal be sandwiched between two blocks of treated wood which were 
held together by nylon bolts.  These assemblies were then placed at 49 °C and 90% relative humidity 
(RH), which corresponds to approximately 19% moisture content (MC) for 240 hours.4   

Despite being the only standard on corrosion of metals in wood, there were many complaints against 
the method at industry meetings and tasks groups.  It was not clear how the test could be related to 
embedded fasteners since the “sandwich” allowed water and oxygen to approach the metal from the 
outside.  The applicability was also questionable because of the high temperature used in the test.  
While the intent of the high temperature was surely to accelerate the corrosion, at a given humidity, 
temperature and moisture content are inversely related, so the wood is actually at a lower moisture 
content than it would be at room temperature and moisture content is a major driver of corrosion of 
metals in wood.  Besides concerns about its relation to embedded fasteners, the wood and fastener 
industries also had concerns about inconsistencies in the method.  The standard didn’t specify the 
pressure that was to be applied across the metal coupon so that different labs performed the tests 
differently, and intralaboratory repeatability was also an issue. 

Lacking a suitable standardized method AWPA formed subcommittee G01.14.01, “Corrosion of Metals 
in Treated Lumber,” in September of 2005 to develop a test method for measuring the corrosion of 
fasteners in wood.  The starting point for the proposed method was based on test methods developed 
by the International Staple, Nail, And Tool Association(3) (ISANTA ).  After six years, and many negative 
ballots, the committee produced standard ASTM G198 in 2011.5  Through the balloting process, the 
standard ended up with two parallel methods to evaluate corrosion of fasteners in wood: a steady-state 
test where fasteners are held in a constant temperature (32 °C), constant humidity (95% RH) 
environment and a cyclic-fog test, where fasteners are exposed to a liquid water fog for 48 hours and 
then allowed to dry for 72 to 120 hours.  The reason for including the cyclic fog test is that for 
atmospheric exposures, it is well known that galvanized steel performs better when it goes through wet 
and dry cycles, and that in real, outdoor exposures, the wood is will surely go through wet and dry 
cycles.6  However, it has recently been shown that the corrosion of metals in wood undergoes a 
completely different mechanism than atmospheric corrosion.7  The fasteners form corrosion products 
not normally seen in atmospheric conditions and the corrosion kinetics for galvanized steel do not 
decrease with time like they do in atmospheric conditions.8,9,10  Furthermore, the reasoning for including 
the cyclic fog test ignores the fact that wood holds moisture and therefore acts as a moisture buffer; 
that is, even after it stops raining, the wood near the fastener remains wet for much longer.11   

                                                 
(2) American Wood Protection Association (AWPA), P.O. Box 361784, Birmingham, AL 35236-1784  
(3) The International Staple, Nail, and Tool Association (ISANTA), 512 W. Burlington Avenue, Suite 203, La Grange, 
Illinois 60525-2245 
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While the mechanism of corrosion in treated wood is not fully understood, what is known is that the 
corrosion rate depends upon the wood moisture content, exhibiting nearly a Heaviside function 
centered around (24% MC).12  The two methods in ASTM G198 will give different moisture contents, 
and therefore different corrosion rates.  In the steady state test, the moisture content is well defined and 
constant throughout the test; uniform corrosion has been observed in these tests under similar 
conditions.8,10,13  However, in the cyclic fog test the moisture content at the fastener interface is different 
along the entire length of the fastener and constantly changing throughout the test.  It is not clear 
whether the moisture content, on average, is more or less than in the steady-state test; it depends upon 
how fast the capillary uptake of liquid water occurs and how rapidly the water redistributes itself.  
Furthermore, the moisture content profile cannot easily be measured as traditional measurements of 
moisture content spatially average over at least a length scale of several centimeters.   

Since the differences in moisture content between the two methods cannot easily be attacked 
experimentally, it makes sense to use computer modeling.  By solving the partial differential equations 
governing heat and mass transport, the changes in moisture content caused by the cyclic fog 
conditions can be calculated and the resulting amount of corrosion can be determined.  We have 
recently combined a validated finite element hygrothermal model14 with a corrosion model to predict the 
corrosion of metals in wood exposed to different climates.12  In this paper, we use this same 
methodology to compare the two methods in ASTM G198.  The goals of the paper are to: (1) compare 
the two methodologies in ASTM G198 to see if one of the methodologies is much less severe than the 
other exposure condition and (2) to examine the sensitivity of the corrosion to variations in the test 
conditions allowed by the tolerances given in the standard. 

 
Experimental Procedure 

 
Combined hygrothermal and corrosion model 
 
This analysis uses a recently developed combined hygrothermal/corrosion model that calculates 
corrosion along the depth of fasteners embedded in wood .12  Pertinent details of the model are detailed 
below, for more complete information, the reader is directed to Reference 11.  The hygrothermal model 
utilizes an existing, validated finite element code to solve the coupled heat and mass transport 
equations using hourly climatic data as an input,14 and outputs the wood temperature moisture content 
next to the fastener at each time step.  Importantly, the model is able to handle both liquid water and 
water vapor transport.  The wood temperature and moisture content are used as inputs into the 
corrosion model.   

The corrosion model is based on empirical data.  It is known that the corrosion of metals in wood is 
dominated by the wood moisture content; below 15%-18% moisture content, embedded metals do not 
corrode.15  Short and Dennis used polarization resistance measurements to examine the effect of 
moisture content on the corrosion rate and found that the corrosion rate exhibited a sigmoidal transition 
from no corrosion at 18% MC to a plateau at a maximum corrosion rate at approximately 30% MC.16  
We have fit their data with the following model which relates the corrosion rate (R in µm yr-1) at a given 
time step to the wood moisture content (M) by 

  MCBe

A
R




1
 (1) 

Where A represents the maximum corrosion rate (µm yr-1), B represents the steepness of the transition 
from 0 to A, and C represents the moisture content at which R = A/2, i.e. a metric of the moisture 
content threshold of corrosion.  The parameters B (0.83) and C (24) are taken from our fit of the 
published data of Short and Dennis.16 The parameter A, which is physically the asymptotic corrosion 
limit, is taken as 52.3 µm yr-1 from recent electrochemical measurements of hot-dip galvanized steel in 
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a water extract of alkaline copper quaternary (ACQ)-treated southern pine.8  At this stage, the 
calculated corrosion rate is independent of temperature as there have been no studies on the effect of 
temperature on the corrosion rate of embedded metals.   

Unlike atmospheric corrosion, where passivation oftentimes decreases the corrosion rate with time, the 
corrosion rate of metals embedded in wood has been found to be constant with time.9,10  This is an 
important fact, and key to the implementation of the simulations, since it means that corrosion does not 
depend upon the previous history and can be calculated the same way at every time step. 

The simulations involve the following steps: (1) the wood moisture content and temperature are 
calculated at each hour of the ASTM G198 test from the climatic conditions specified in the standard (2)  
Equation 1 is applied to each node to give the hourly corrosion rate, and is multiplied by the length of 
the time step (1 h) to give the amount of corrosion that happened in that time step (3) these hourly 
corrosion amounts are then summed over the whole simulation to give the total amount of corrosion 
along the depth of the fastener. 

Geometry of the simulation 
 
While heat and moisture transfer in wood is a three dimensional problem, potentially requiring a 3D 
hygrothermal simulation, the nature of the ASTM G198 test allows us to simplify the simulations to 2D 
or possibly even 1D.  The ASTM G198 test specifies that nails be driven into a 38 mm by 89 mm 
(nominal “2x4” in the U.S.) by 305 mm piece of wood on the 38 by 305 mm face with the fasteners 
spaced a distance of 10 times their diameter from each other.  The standard specifies that cuts be 
made in the board along the 305 mm dimension in between fasteners to allow moisture to penetrate 
from the side.  Because of the variability in the width of the cuts, we leave these out of the preliminary 
analysis and instead model the 305 mm dimension as continuous.  For a common 8d nail (3.4 mm), the 
10 diameter spacing represents is 34 mm, and the entire 305 mm represents a nearly infinite dimension 
that would not affect moisture transport easily allowing a simplification to 2D (along the depth of the 
fastener and the width of the board).   

In a previous publication12 we used 2D simulations to examine the corrosion of nails embedded in 2x4s 
exposed to rain; the simulations were similar to the ASTM G198 test in that the nail was orientated 
along 89 mm direction. We found that the moisture content at the fastener surface (and thus the 
corrosion rate) in these simulations was nearly one dimensional.  To illustrate this, we reprint Figure 1 
which illustrates the wood moisture content at the fastener surface (i.e. almost in the middle of the 38 
mm dimension) along the depth of the nail (89 mm dimension).  When there was a rain event, the wood 
would absorb water 1 dimensionally, since the rain was only striking the top surface.  At the end of the 
rain event, the wood surface was saturated and there was a zone of high moisture content that had a 
fairly abrupt transition to the bulk, “pre-rain”, moisture content.  In most cases, this zone was less than 
10 mm deep.    Once the rain stopped, the wood dried from all sides.  However, since the depth of the 
“wet zone” (<10 mm) was much smaller than the distance from the fastener to the side axis (~20 mm), 
practically all of the drying occurred from the top face.  Therefore, we have simplified to 1D simulations 
(along the 89 mm dimension) in the current article, as this is sufficient to capture the physics and is 
much less computationally costly. 

The 1D mesh consists of 80 linear elements (81 nodes).  The first 9 nodes to the interface receiving the 
fog are spaced 50 µm apart.   The elements then progressively increase in size until element 58, at 
which point they begin decrease in size until they reach 1 mm at the other boundary (see Figure 2).     
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Figure 1: Moisture content profile after a rain event from 2D simulations conducted by Zelinka et 
al.12; the different curves show how the profile changes with time after the rain stops.  Note that 
the maximum depth of water ingress (~4 mm) is much less than the width of the specimen (~40 

mm). 

 
Figure 2: Physical dimensions of the elements used in the simulations. 

 
Material properties 
 
The hygrothermal material properties of the wood were implemented based on measurements taken on 
European spruce (Picea abies).17  ASTM G198 specifies that the test specimens shall be made from 
southern pine sapwood (Pinus spp.), however, southern pine could not be implemented in the 
hygrothermal model because there have not been sufficient measurements of the moisture retention 
curve and capillary absorption kinetics.  This lack of data also precludes a full comparison of the 
hygrothermal properties of these two wood species, but we expect that the spruce, used in this model, 
to have an appreciably slower liquid transport.  The resistance to liquid transport in spruce may have 
the effect of underestimating the modeled corrosion rate in the simulations presented. 
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 Boundary conditions 
 
ASTM G198 specifies a “wet/dry” cycle that consists of 48 hours of fog, followed by a minimum of 72 
hours and a maximum of 120 hours of drying time.  A note in the standard states that “The drying time 
is intended to be 72 hours as a standard with the allowance of an extra 48 hours for weekends and 
holidays”.  However, the test could be entirely run with 120 hour dry cycles and still be within 
conformance.  The fog cycle is defined as having 1.0 to 2.0 ml per hour of fog hitting an 8000 mm2 
collection area with a temperature of 24 +/- 3°C.  This precipitation is equivalent to 0.125 to 0.25 mm 
per hour (0.0005 to 0.001 in. per hour).  During the fog cycle, the relative humidity is fixed at 100% due 
to the presence of both liquid water and water vapor at atmospheric pressure.  During the dry period, 
the relative humidity is kept at 70 +/- 3% RH.   

To simulate the ASTM G198 test, we have taken the value in the middle of the tolerances as the default 
case- that is 0.1875 mm per hour of precipitation during the wet cycle and 70% RH during the 72 h dry 
cycle.  Furthermore, we have explored the sensitivity of fastener corrosion to the tolerances within the 
standard by running a simulation where one of the variables was changed, holding all others constant.  
A summary of the boundary conditions used in all simulations is given in Table 1.   

Finally, ASTM G198 also offers a “steady state” moisture exposure, where wood is conditioned and 
maintained at 32°C and 95% RH.  According to the material properties used in this study, the resulting 
moisture content would be constant and 18%.  This is unusually low and would give a misleading 
underestimation of corrosion.4  Instead, we used available measured data for ACQ-treated southern 
pine; the measured moisture content at 95% RH (25°C) is 23%.18   

Table 1 
Experimental parameters examined in the sensitivity analysis and the resulting average 

corrosion from the simulation.  The default simulation resulted in 5.65 µm. 
Variable Value Avg. 

Corrosion 
(µm) 

Dry Cycle RH 
(default =0.7) 

0.67 (low) 5.52 
0.73(high) 5.78 

Rain Intensity 
(default = 0.1875) 

0.125 (low) 5.52 
0.25 (high) 5.69 

Dry Cycle Duration 
(default = 24 short) 
short = 72 h 
long=120 h 

1 long, 22 short 5.46 
10 long, 10 short (alternating) 4.90 
10 long followed by 10 short 4.54 
17 long 4.24 

 
 

RESULTS 
 
The simulations uncovered three significant results, which will be explored independently: (1) the cyclic 
fog test causes the wood to accumulate moisture throughout the duration of the test, (2) the cyclic fog 
test is much more severe than the steady state test and (3) the corrosion that occurs during testing is 
relatively insensitive to the allowed tolerances in the standard.   

Figure 3 shows the “average moisture content” of the wood as a function of time in the cyclic fog test 
using the “default” conditions (Table 1).  The average moisture content was calculated by taking an 
average of the moisture content at each node weighted by the physical length of the element preceding 
the node.  Prior to exposure, the wood was conditioned at 95% RH which resulted in a uniform moisture 
content of 18.1% MC.  With the first fog cycle, the moisture content rises rapidly; the average moisture 
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content reaches a maximum of 26.3% before beginning to decrease.  However, during the dry cycle, 
the wood cannot dry to the starting moisture content, it reaches a minimum of 20.8% before the next 
fog cycle begins and the wood moisture content rises.   
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Figure 3: Average moisture content of the default simulation throughout the 120 test.  Note the 

specimen is accumulating moisture throughout the test. 

In fact, the wood continues to accumulate moisture during each consecutive fog cycle throughout the 
duration of the test.  It never reaches a steady state where the moisture lost during the dry cycle is 
equal to the moisture gained during the fog cycle.  To see how long it takes for steady state to be 
reached, additional simulations were run for durations of up to 4 years; the results of a 1 year 
simulation are shown for reference (Figure 4).  The specimen continues to gain moisture with each 
cycle even at the end of 4 years; although the amount gained at the end of 4 years is quite small, 
(0.01% MC per cycle) 
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Figure 4: Average moisture content of the wood specimen with the default simulation 
parameters after 1 year of testing.  The specimen continues to accumulate moisture.   

It is important to note the limitations of examining the average moisture content in terms of calculating 
the corrosion rate.  While Figure 3 shows that wood is accumulating moisture throughout the test and 
that the average moisture content in the cyclic fog test is always higher than in the steady state test, it 
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does not tell the entire story for corrosion since the moisture is not evenly distributed and the corrosion 
rate does not depend linearly on corrosion (Equation 1).  To illustrate this, Figure 5 shows the moisture 
content at the wood near the head and tip of the nail in the same simulation as Figure 3- note that the 
bottom side of the wood near the nail tip actually dries out during the test; the small fluctuations are 
caused by changes in RH in the wet and dry cycles.  While the block of wood, on average, is gaining 
moisture throughout the test, most of this moisture accumulation is occurring near the top of the block 
of wood.  However, since the dependence of corrosion on MC is nearly an “on-off” criteria (Equation 1), 
the amount of moisture is not as important as the amount of the wood whose moisture content is above 
20%.  The moisture accumulation during the test shown in Figure 3 is in essence increasing a “wet-
zone” where corrosion is occurring.  While this is what is ultimately important to fastener corrosion, it 
cannot easily be captured in a figure because it is both temporal and spatial in nature.     
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Figure 5: Moisture content 1mm below the surface receiving precipitation (left) and 70 mm 

below the surface, which corresponds to the bottom of the nail (right) for the default simulation. 

Given the differences in moisture content between the steady state and cyclic fog tests, it is not 
surprising that the hygrothermal model predicts more corrosion in the cyclic fog test than the steady 
state moisture content test.  Using actual material properties from ACQ treated southern pine, the 
moisture content is 23%, and Equation 1 predicts a corrosion rate of 15.8 µm yr-1 or 5.2 µm occurring 
during the 120 day test.  This can be compared to Figure 6, which shows the cumulative amount of 
corrosion as a function of time for the default cyclic fog simulation with spruce material properties 
(Table 1).  The resulting average corrosion rate is 17.2 µm yr-1 while the average amount of corrosion is 
5.6 µm.  Importantly, although the average amount corrosion is 5.6 µm, the corrosion is not distributed 
evenly and has a maximum corrosion penetration of 17.1 µm. 

Table 1 shows the results of the sensitivity analysis.  The results are summarized by the average 
amount of corrosion after the 120 day test.  The relative humidity and rainfall intensity had little effect on 
the resulting corrosion rate.  Values ranged from 5.52 µm for both the low RH and low rainfall intensity 
to 5.78 µm for the high RH during the dry cycle.  These represent about a 2% difference from the 
default case (5.65 µm).  It appears that the test is more sensitive to the relative humidity during the 
drying cycle than it is to the rainfall intensity.  Most likely, this is a result of the surface of the wood 
quickly saturating during the fog cycle so additional liquid water does not greatly increase the driving 
force for water uptake.   
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Figure 6: Simulation results of the amount of corrosion along the length of the fastener. 

As expected, the amount of corrosion is sensitive to the number and duration of the dry cycles.  Having 
a single extended dry cycle lowered the amount of corrosion by 3% to 5.45 µm.  If the first 10 cycles 
have a longer drying time, the average corrosion drops nearly 20% to 4.54 µm.  However, in the case 
where the dry cycles alternate between 72 and 120 hours, it is closer to the default case (4.9 µm, a 
13% decrease).  Finally, if the 120 hour drying time was used for all of the cycles, the amount of 
corrosion drops by 25% to 4.24 µm. 

This sensitivity analysis gives a preliminary picture of how different experimental variables affect the 
corrosion.  The average amount of corrosion is not particularly sensitive in absolute value to any of the 
variables because corrosion is confined to the first 3 cm of the fastener (see Figure 6).  It may be that 
maximum corrosion penetration or amount of the fastener experiencing nonzero corrosion may further 
separate these experimental differences. 

CONCLUSIONS 
 
This paper has presented preliminary modeling results on the corrosion in the ASTM G198 test and 
several conclusions can be drawn from these results, namely: 

 The wood moisture content in the cyclic fog test never dips below the starting moisture content 
(equilibrated at 95% RH).  The wood continues to accumulate moisture throughout the test.  
While the surface of the fastener may dry during the dry cycle, the wood surrounding the 
fastener remains relatively wet throughout the test.   

 Combining the corrosion model with the hygrothermal model shows that the cyclic fog test is 
more challenging to embedded fasteners than the steady state moisture test. 

 Within the tolerances specified in the test method, the cyclic fog test is most sensitive to the 
length of the dry cycle.  When the longest specified dry cycle is used, the test is 25% less 
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severe than if only short cycles are used.  It may make sense to set a maximum number of long 
dry cycles in the standard. 

In spite of the above conclusions, future modeling is still needed to better understand the ASTM G198 
test.  Specifically, the present work was limited by the lack of hygrothermal material property data for 
southern pine.  Additionally, the simulations were simplified by ignoring “cuts” in the wood between 
fasteners, which may change the dimensionality of the simulation needed.  Further sensitivity analyses 
could also yield additional insight to variations that may be observed in the tests. 
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